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Abstract Nanocluster Carbon (NC) thin films grown at room temperature, using a cathodic arc process,
under varying deposition conditions, exhibit interesting electrical and opto-electronic properties. These
films are mixed phase material containing both sp2 (graphite-like) and sp3 (diamond-like) bonding. A
Raman G-peak has been observed between 1585 and 1595 cm−1, which indicates graphite-like bonding.
A Raman D-peak has been observed between 1355 and 1365 cm−1, which indicates disorderliness in the
carbon structure of the films. The Raman spectra of the filmswere deconvoluted using Breit–Wigner–Fano
line shapes. The Raman parameters, including intensity ratios, peak positions, Full-Width Half Maxima
(FWHM) and coupling coefficients obtained from both line shapes, were described and compared with
varying Helium partial pressures. The dependence on temperature of the conductivity, showing two
regions of electronic transport, is explained based on a thermal-assisted tunneling process. The electrical
conductivity varies from1×10−4 S/cm to 1.66×10−5 S/cmwith respect to varying deposition parameters,
such as arc current, DC bias and throw distance.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
Carbon based nanomaterials, including carbon nanotubes,
nanodiamonds, Diamond-Like Carbon (DLC), Tetrahedral amor-
phous Carbon (Ta-C) and nanoclustered carbon, are being in-
creasingly studied for applications in many areas, such as
field assisted electron emission [1], Thin-Film Transistors (TFT)
[2,3], antifuses [4] and low dielectric films for ULSI [5]. These
materials have been grown using various techniques, such
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Open access under CC BY license.as Hot Filament Chemical Vapor Deposition (HFCVD) [6], DC
plasma chemical vapor deposition [7] and the cathodic arc pro-
cess [8]. All these techniques, except the cathodic arc, involve
high temperature processes. Furthermore, the cathodic arc pro-
cess offers the advantage of a high deposition rate growth over a
large area, low temperature deposition on a wide range of sub-
strates, including glass and plastics, and the capability of gen-
erating highly-ionized plasma (30%–100%), thus guaranteeing
good quality film at low temperatures [6]. Nanocluster carbon
thin films grownusing the cathodic arc process, andunder room
temperature conditions, are also reported to exhibit good elec-
tron emission properties [9,10].
The room temperature cathodic arc process offers a unique
opportunity to grow various forms of nanocarbon thin film,
starting from predominantly sp3 (diamond like) to predomi-
nantly sp2 (graphite like) films. The cathodic arc process is a
highly energetic process and variations in ion energy lead to the
growth in films of differentmorphology and composition; vary-
ing from atomic smooth films to clusters with varying dimen-
sions and fibrous films [10]. In this paper, we report one of the
first studies regarding the electrical and electronic properties of
798 Sh. De / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 797–803mixed phase (containing both sp2 and sp3 bonding) nanoclus-
ter carbon thin films and their variations, with varying process
parameters, such as arc current, DC bias and throw distance.
This study could be the basis for considering nanocluster car-
bon films for use in diverse electronic applications.
2. Experimental setup
In the cathodic arc deposition process [8–10], an arc is
initiated by touching the graphite cathode with a small carbon
striker electrode and withdrawing the striker. This produces
energetic plasmawith high ion density. The nanocluster carbon
films in this work were grown using a cathodic arc process
at room temperature in the presence of background gases,
such as helium, hydrogen and nitrogen. The chamber was first
evacuated to a vacuum of ∼10−7 Torr, before initiating the
deposition process. A graphite rod of purity 99.9999% was used
as the cathode for deposition. Nanocluster carbon films were
deposited on the silicon substrates and glass substrates. The
films were grown under nitrogen partial pressure of 10−3 Torr.
The helium partial pressure was varied from 0.05 to 0.1 Torr.
The helium environment is used to control the energy of the
ions and to facilitate the clustering process. Typically, films of
thickness of 90–110 nm were deposited on glass and silicon
substrates. The thickness was measured using a thickness
profiler. The Raman measurements were carried out using a
Renishaw micro Raman system and an excitation wavelength
of 514.5 nm. The SEM images of the films were taken using a
JEOL field emission microscope.
3. Results and discussion
3.1. Morphological study
Figures 1a and b are Scanning Electron Microscope (SEM)
images of the nanocluster carbon films grown using the
cathodic arc process under varying helium and nitrogen
pressure. It may be seen from the SEM that these thin films
contain clusters of varying dimension ranging from 50 to
200 nm. This may be due to the enhanced interaction between
the carbon atoms in the presence of the helium atoms, as it
partly reduces the kinetic energy of the ions and also prevents
them from diffusing away. This enhances the interaction
between ions, leading to clusters. The helium ions and neutrals
also impinge on the carbon clusters and release their excess
energy. This helps the surface mobility of the small clusters,
and by the addition of more atoms, they coalesce to form bigger
clusters [11,12]. The cluster sizes in the nanocluster carbon thin
films depend upon the partial pressure of helium [8].
Raman spectroscopy is a useful technique to identify the
bonding nature (sp2 and sp3) and also to determine the degree
of the mixed phase nature of the nanocluster carbon films
[13–15]. Raman spectra clearly indicate the presence of
clustered material with the presence of G and D peaks [9,
10], while maintaining a constant nitrogen partial pressure
of 10−3 Torr. The curves show the onset of the D peak
at 1355–1365 cm−1, indicating that the clustering tendency
increases with an increase in helium partial pressure. The D
peak is not discernable, even though small clusters are observed
in the SEM pictures, in Figure 1.
All other samples exhibit D and G peaks associated with
the nanocluster/disordered graphite and crystalline graphite,
respectively. From the Raman curves, it can also be seen that
the clustering tendency ismore pronouncedwhen startingwithFigure 1: SEMmicrographs of nanocluster carbon films grown with a nitrogen
partial pressure of 10−3 Torr, under helium partial pressures of (a) 0.05 Torr, (b)
and 0.1 Torr.
a significant graphitic content material (10−3 Torr nitrogen
partial pressure), rather than starting with a highly tetrahedral
bonded material (10−4 Torr nitrogen partial pressure) [9,10].
The Graphitic (G) peak indicates the existence of sp2
clustering or π electron delocalization in the samples, which
is visible at 1589–1592 cm−1. The G peak arises from all sp2
sites, since it is due to the stretching of C=C bonds. The
presence Disorder (D) peak indicates the disorderliness in the
film. The D peak is due to the breathing modes of sp2 atoms
in aromatic rings, due to bond angle disorder. Furthermore, the
position of the G and D peaks indirectly also suggest the sp3
bonding in the films [16]. The enhanced disordered peak, as
well as a small hump around 1100 cm−1 (silicon second order
peak) when measured on silicon substrates, clearly indicates
the presence of some sp3 bonded carbons. The Raman data
were further analyzed using a curve fitting approach with
Gaussian/Lorentzian skew/Lorentzian curve fitting techniques
in order to estimate the dimensions of the nanocluster carbon
films, depending upon the films. Also, the spectra have been
fitted with a skew Lorentzian (Breit–Wigner–Fano (BWF)
method) line shape for the Graphitic-like (G) peak and a
Lorentzian for the Disorder (D) peak [16]. The BWF is given by:
I(w) = I0 [1+ 2(w − w0)/QΓ ]
2
1+ [2(w − w0)/Γ ]2
, (1)
where I0 is the peak intensity, w0 is the peak position, Γ is the
Full Width Half Maximum (FWHM) and Q−1 is the coupling or
skewness coefficient.
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nitrogen partial pressure of 10−3 Torr, under helium partial pressures of 0.05
and 0.1 Torr.
Tuinstra and Koening [17] proposed a relation that relates
the in-plane correlation length of the sp2 aromatic cluster, La,
or the grain size of the graphitic cluster and the intensity ratio
of the G and D modes. It states that I(D)/I(G) increase with a
decrease in graphitic crystallite size, which is given by:
I(D)
I(G)
= c
La
, (2)
for La > 2 nm. I(D)/I(G) is found by using a Breit–Wigner–Fano
lineshape for the G peak and a Lorentzian for the D peak. Thus
the nanocluster carbon thin films are thought to contain sp2
clusters embedded in the amorphous matrix of sp3 sites. The
matrix varies with varying deposition parameters.
3.2. Raman spectroscopy of the nanocluster carbon thin films
grown under different helium partial pressures
Raman spectroscopy of nanocluster carbon thin films grown
under the helium partial pressure of 0.1 and 0.05 Torr
is shown in Figure 2. A widely used fitting method is a
Breit–Wigner–Fano (BWF) line for the G band and a Lorentzian
for the D band. The same technique is employed by Milne
et al. [14] to study the field emission from nanocluster carbon
films. The BWF line could extend to a low frequency at low Q
values, which allows it to account for different contributions
to the Raman spectra. This indicates that it would be more
reliable to fit the Raman spectra using the BWF line-shape,
with respect to Gaussian. The deconvoluted spectra of the
nanocluster carbon thin film, using the helium partial pressure
of 0.1 and 0.05 Torr, are shown in Figures 3a and b, and the
parameters calculated have been enumerated in Table 1.
The variation of parameters, such as intensity ratios, peak
positions, Full-Width Half Maxima (FWHM) and coupling
coefficients with respect to helium partial pressure, is shown
in Figure 4. For NC films, the G position decreases in the
interval 1592–1589 cm−1, the ID/IG ratio grows in the interval
0.65–0.67; the coupling coefficient increases −10.2 to −9.96
and the FWHM increases in the interval 51.14–57.87 cm−1
when helium pressures increases. The dispersion of the G
peak can be also explained by the decreased vibrational
contributions of olefinic sp2 groups. For the intensity ratio
I(D)/I(G), the result shows an increase from 0.65 to 0.67 as
the helium partial pressure increases from 0.05 to 0.1 Torr.
The increment is very little, but it has been shown that theFigure 3: Deconvoluted spectra of nanocluster carbon films grown with a
nitrogen partial pressure of 10−3 Torr, under helium partial pressures of (a)
0.05 Torr, and (b) 0.1 Torr.
intensity ratio I(D)/I(G) can be used as a parameter for the sp3
content [18]. A small value of I(D)/I(G) ratio will correspond to
a higher sp3 content. The major effect of helium introduction
is to increase the clustering of the sp2 phase. The FWHM–G of
the nanocluster carbon film increases with the helium partial
pressure. The G peak width is an indicator of the bond angle
distortions in the excited configuration [16] and increases with
helium partial pressure. The parameter, Q , is a description of
the line-shape asymmetry of the Raman spectrum. When the
helium partial pressure increases from 0.05 to 0.1 Torr, the
coupling coefficient, Q , increases from −10.2 to −9.96. The
trend of theQ versus the heliumpartial pressure resembles that
of the intensity ratio I(D)/I(G) versus helium partial pressure.
Themagnitudes of the coupling coefficient, Q , and the intensity
ratio, I(D)/I(G), are both meaningful indicators of the sp3
content in NC film. It is seen that the sp3 fraction increases
as the Q value increases and can be used to provide a binary
test for films of very high sp3 content [19]. However, for the
intensity ratio I(D)/I(G) (Gaussian fit), it sometimes canbeused
to quantify the value of sp3 content in ta-C film [20].
4. Electrical properties
Nanocluster carbon thin films were deposited on glass
substrate. The nanocluster carbon thin film thickness was in
the range of 90–110 nm. For electrical measurements, metal
contacts for coplanar configuration based measurements were
deposited using a contact mask arrangement, with a gap of
500 µm, using thermal evaporation at a base vacuum of 1.5 ×
800 Sh. De / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 797–803Table 1: Calculated values intensity ratios, peak positions, Full-Width Half Maxima (FWHM) and coupling coefficients of nanocluster carbon thin films.
Sample
no.
He partial
pressure (Torr)
I (D) I (G) FWHM D
(cm−1)
FWHM
G (cm−1)
Position of G
peak (cm−1)
Position ofD
peak (cm−1)
sp3
content
I(D)/I(G) Q
S1 0.05 7847.3 12107.3 203.9 51.14 1592.3 1359.7 0.18 0.65 −10.2
S2 0.1 8947.65 13329.4 217.5 57.9 1589.3 1364.2 0.20 0.67 −9.96Figure 4: Variation of intensity ratios, peak positions, Full-Width Half Maxima
(FWHM) and coupling coefficients of nanocluster carbon thin filmswith respect
to helium partial pressures.
10−7 Torr. Temperature based conductivity measurements
were taken using a Keithley 6517 A electrometer. Linear-
voltage characteristics were obtained up to the voltage of 10 V
to check ohmic contacts, as shown in Figure 5. All conductivity
measurements were performed in the dark and in a vacuum
of 10−6 Torr. Temperature was varied from 313 to 423 K for
temperature based conductivity measurements. The plot of
conductivity vs. 1000/T of nanocluster carbon thin films is
shown in Figure 6.
At high temperature ranges, 300–423 K, it follows an ex-
tended state transport characterized by:
σ = σ0 exp
−Ea
kT

, (3)
where σ0 is conductivity pre-factor, Ea is activation energy, k
is Boltzmann constant, and T is room temperature. Extracted
values of σ0 and Ea are summarized in Table 2. The high values
of activation energy indicate that conduction is due to the ex-
tended state conductions. At temperatures lower than 300 K,
nanocluster carbon thin films follow Mott’s variable hopping
transport [21], given by the following equations:
σ = σ0 exp
−AT−1/4 , (4)Figure 5: I–V characteristic of various nanocluster carbon thin films showing
linear relationship, which indicates contacts are ohmic in nature.
Figure 6: Conductivity vs. 1000/T plot of nanocluster carbon thin films
showing semiconducting nature.
where A is the constant, which is given as:
A4 = T0, (5)
and T0 are the disorder parameters.
For the nanocluster carbon thin film shown in Figure 6,
the Arrhenius plot of the conductivity shows a peculiar ther-
mal activation process, which has two different activation en-
ergies in two different temperature regions. Note that in the
usual thermal activation process, a single activation energy is
observed in the semilog plot of σ vs. 1/T . Similar tempera-
ture behavior had also been observed in the conductivity of
hydrogenated nanocrystalline silicon films (nc-Si:H), explained
by the Heteroquantum-dot (HQD) model [22]. In the HQD
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Sample name σ0 (S/cm) ∆E1 (eV)
(427–345 K)
∆E2(eV)
(345–313 K)
S88 1.026 0.855 0.0559
S89 0.84 1.005 0.22
S90 0.93 0.965 0.13
S100 0.92 0.735 0.044
S102 0.976 1.1269 0.193
model, the nanocluster carbon thin film is considered to con-
sist of nanocrystalline graphitic grains acting like quantum dots
embedded in the disordered carbon network. The nanocrys-
talline graphitic grains and their amorphous/disordered car-
bon network counterparts have different band gaps and band
structures, and they form heterojunction-like structures in the
interface regions. According to the HQDmodel [22], in the pres-
ence of an external field, the conduction in nanocrystalline
materials can be identified as a thermal-assisted tunneling pro-
cess: First, electrons are thermally activated to the quantum
wells of the heterojunctions and then tunnel through the in-
terface barriers. By adopting a simple network of HQD, where
each dot has the same size, environment and tunneling rate,
the problem was reduced to a calculation of the tunneling of
a single electron in a small junction of capacitance C . Based on
fundamental concepts of quantum dots and hetero-structures,
formulation of the HQDmodel leads to two distinct regimes for
conductivity:
(i) The low temperature regime where there is a simple acti-
vation energy, ∆E, corresponding to the energy difference
between the conduction or valence band of the crystalline
material and the Fermi level, i.e. σ∼ exp(−∆E/kT );
(ii) The high temperature regime where the activation energy
is increased due to the temperature effect of the electronic
tunneling, i.e. σ∼ exp[−(∆E + εc/4)/kT ] where εc =
e2/2C .
From Figure 4, two regions of operation are observed from
two different slopes, with temperature ranges of 300 to 413 K,
which are enumerated in Table 2. The high value of activation
energy (∆E1) suggests thermal assisted transport in the range
of 417–345 K, whereas low activation energy (∆E2) from 345
to 313 K suggests tunneling through the interface barrier.
5. Variation of conductivity with respect to deposition
parameters
5.1. Variation of conductivity with arc current
Figure 7 shows variations in the conductivity of the samples,
with respect to the arc current of the cathodic arc, which are
enumerated in Table 3. The maximum conductivity value is
found to be 1.9× 10−5 S/cm at the arc current of 150 A. This is
due to the sp2 films,which areπ bonded, containing delocalized
electrons. The conductivity value decreases thereafter to 1.66×
10−5 S/cm at the arc current of 250 A. After that, it once again
increases to 2.89 × 10−5 S/cm at the arc current of 360 A. At
250 A arc current, the conductivity is lowest, which with mass
spectroscopic measurement [9], shows that along with C+ ions
from the cathode target, macroparticles and neutral ions may
also be deposited on the substrate. These macroparticles and
neutral ions are insulating in nature and consequently reduce
the conductivity of the nanocluster carbon thin films.Figure 7: Plot of conductivity vs. arc current of nanocluster carbon thin films.
Table 3: Calculated value of conductivities with varying arc current of
nanocluster carbon thin films.
Arc
current (A)
Conductivity
(S/cm)
Sample I Sample II Sample III Sample IV
150 3.91× 10−5
250 1.66×10−5
300 1.9× 10−5
360 1.71×10−5
Table 4: Calculated value of conductivities with varying throw distance of
nanocluster carbon thin films.
Throw
distance
(mm)
Conductivity
(S/cm)
Sample I Sample II Sample III Sample IV
150 3.28× 10−5
190 1.71×10−5
225 2.89× 10−5
250 3.84×10−5
5.2. Variation of conductivity with throw distance
Throw distance is the distance from where the C+ ions
are thrown to the substrate. Figure 8 shows the variations in
conductivity of the nanocluster carbon samples, with respect to
the throw distance of the cathodic arc, which are enumerated
in Table 4. The maximum value of conductivity is found to be
3.28 × 10−5 S/cm at the throw distance of 250 mm. As the
distance between the target and the cathode source increases,
the velocity of the C+ ion source decreases. This leads to the
deposition of material that is energetically favorable to sp2
bonding [23,24]. These sp2 bonds have lateralΠ bonding,which
contains delocalized electrons. These free electrons contribute
to an increase in conductivity of nanocluster carbon thin films.
5.3. Variation of conductivity with DC bias (substrate bias)
Figure 9 shows the variations in conductivity of the samples,
with respect to the DC bias, which are enumerated in Table 5.
This DC bias is used to increase or decrease the ion energies. The
maximumvalue of conductivity is found to be 9.97×10−5 S/cm
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DC bias (V) Conductivity (S/cm)
Sample I Sample II Sample III Sample IV Sample V
−60 4.03× 10−5
0 1.71× 10−5
10 1.93× 10−5 5.36× 10−5
50 9.97× 10−5Figure 8: Plot of conductivity vs. throw distance of nanocluster carbon thin
films.
Figure 9: Plot of conductivity vs. DC bias of nanocluster carbon thin films.
at a DC bias of+50 V. The graphitic clusters grow in size and/or
number, and contribute to the conductivity due to π delocal-
ized electrons. The ions do not have sufficient energy to pene-
trate the surface to form sp3 bonds, according to the model of
sub-plantation [12].
At a DC bias of−50 V, conductivity is 4× 10−5 S/cm. At this
DC bias, C+ ions are most energetic. These molecular ions will
fragment upon impactwith the surface, thus sharing the kinetic
energy equally between them. Densification and penetration
will occur for each C atom separately and independently,
according to the following equation [23,24]:
∆ρ
ρ
=
 f φ
1− f φ + 0.016

Ei
Eo
5/3
 , (6)where ∆ρ/ρ is the subplanted fraction of ions, f the penetra-
tion probability of ions, ϕ the fraction of incident energetic ions
of energy Ei and Eo diffusion activation energy. Some ions den-
sify at depth and some ions release back to the surface. After
releasing the energy, while penetrating the surface and den-
sification, these less energetic ions condense on the surface
and form sp2 bonds, which are most favorable in this case.
This type of bonding contains delocalized electrons for higher
conductivity.
6. Conclusions
Electrical transport properties reveal that nanocluster car-
bon thin films are semiconducting in nature. Raman spec-
troscopy identifies the morphology of the films and contains
clusters of various dimensions. Films contain both sp2 and
sp3 bondings. In this study, the surface morphologies and mi-
crostructure of NC films were studied by Raman spectroscopy.
For the analysis of Raman spectra of NC films, the Lorentzian-
shape and BWF line-shape were, respectively, used to fit the
original curves. The G-peak positions obtained from both line
shapes were found to shift downward with helium partial
pressure. The intensity ratio, I(D)/I(G), and the coupling coef-
ficient from the BWF fit both increase as helium partial pres-
sure increases, indicating an increase in sp3 content in the NC
films. Nanocluster carbon thin films follow two transportmech-
anisms, viz. thermal assisted transport and tunneling through
the interface barrier, which are explained by the HQD model.
The conductivity of the nanocluster carbon thin films is varing
with respect to deposition parameters such as DC bias, arc cur-
rent and throw distance.
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